A field of vectors showing the average velocity of the surgin g glacier Osbornebreen, Svalbard, was determined by comparing sequential SPOT (Systeme pour l'Obser vation de la Terre) and Landsat thematic m apper images. Crevasses which developed during the initial phase of the surge in the winter of 1986-87 were tracked using a fast Fourier chip cross-correlation technique. A digital elevation model (DEM ) was developed using digital photogrammetry on aerial photographs from 1990. This new DEM was compared with a map drawn in 1966. The velocity field co uld be almost entirely determined with 1 month separation of the images, but only partly determined with images I year apart, due to changes of the crevasse pattern. The velocity fi eld is similar to that found for Kronebreen, a continuously fast-moving tidewater glacier. No distinct zones of compressive flow were present and the data gave no evidence of a compression zone/surge front traveling downstream . The velocity fi eld, the rapid advance of the terminus and the development of transverse crevasses in the upper acc umulation area within a 6 month p eriod m ay indicate that the surge d eveloped as a zone of exte nsion starting near the terminus a nd propagating quickl y upstream. The crevasse pattern in the images is therefore interpreted to be the result of th e extensi on zone traveling upst ream, and, as the whole glacier starts to slide, the crevasse pattern a lters according to the bedrock topography.
INTRODUCTION
In the Svalbard archipelago, Norwegian Arctic, ocean currents and meteorological conditions provide a mild climate, despite the high latitude (76-81°N). The glaciers in the area are of various dynamic types, including continuously fastmoving ice streams draining large accumulation areas or ice caps, and surging glaciers in the active or quiescent phase, terminating on land or as tidewater glaciers in the fjords. Thirty-six per cent of the glaciers in Svalbard have surged (Hamilton and Dowdeswell, 1996) , but there have been no field measurements of velocities during a surge on Svalbard.
Use has been made of feature tracking on sequential optical satellite images to measure velocities on various ice streams in Antarctica (Scambos and others, 1992; Whillans a nd Tseng, 1995) . Automatic feature tracking can be conducted on Antarctic ice streams because the crevasses and ice conditions are relatively unchanged over a period of up to 10 years (Orheim and Lucchitta, 1987) . Crevasses can therefore be identified in a time series of images. In Svalbard the surface reflection from ice is highly variable in both time and space (Winther, 1993) . Surface melting in the summer gives large ablation areas at low elevation. Oscillation of the polar front position over the region also gives variable meteorological conditions, and hence variable surface reflectanc e, in the same month from year to year.
During the active phase of a surge, crevasses are developed and rapidly deformed. Changes in surface reflection, deformation of crevasses and variable satellite recording geometry in steep terrain compli cate the conditions for a utomatic feature tracking. D evelopment of crevasses indicating the start of a surge on O sbornebreen (78° N, 12° E; Fig. 1 ) was observed from an aircraft in the winter of 1986-87. The 20 km long glacier terminates in StJonsfjorden (Fig. 2) . The drainage basin rises to 800 m a.s.1. and covers a total of 152 km 2 . The glacier front had advanced 1.4 km into the Gord by April 1987 (Dowdeswell and others, 1991) . A further advance of 0.3 km was measured on satellite images fromJuly 1987.
The objectives of this project were to determine the velocity and the surface elevation change of this surging glacier by means of remote sensing. Sets of average velocity vectors with I month and I year separation were measured on Landsat thematic mapper (TM) and SPOT XS satellite images from 1987 and 1988. A digital elevation model (DEM) was constructed from aerial photographs from 1990 using a digital photogrammetric workstation. This DEM was compared with a map from 1966.
METHODS
The displacement of crevasses and other features on the
The gray area is shown in Figure 2 . glacier surface was measured in a time series of images to determine average velocity fields between each pair. The im ages were first co-registered using fixed features such as mountain peaks. Identification of the same crevasse in an oriented image pair is done automatically by calculation of the cross-correlation between the gray-scale values in the pair.
The gray values in an image are determi ned by four factors: illumination, reflectivity, geometry of surface objects and the sensor position (Lemmens, 1988) . These factors will vary in time.
Illumination will change at diITerent sun angles. G lacier surface topography in general varies smoothly, so this factor gives low spatial frequencies of the gray values. The crevasse pattern in the image changes because the crevasses cast shadows which can be quite different at varying sun angles, in addition to the deformation of the crevasses on the glacier between each recording. The crevasses form the spatial high-frequency pattern which shou ld provide the basis of the correlation analysis for the crevasse tracking.
The surface reflectance at Austre Br0ggerbreen (78 0 N, 11 0 E ) in Svalbard increases steadi ly as the altitude increases 256 up-glacier in a summer Landsat TM image, band 4 (Winther, 1993) . In August 1987 the mean of the gray values varies from 26 to 78 in diITerent elevation zones from 50 to 400 m a.s.1. The varying reflections, from blue ice near the snout to white snow in the accumulation area, yield low spatial frequencies. Winther (1993) showed that surface reflectance also varies from year to year, with mean gray values for the whole glacier of76 a nd 46 in August 1987 and Aug ust 1988, respectively.
Surface geometry and sensor position is given by a DEM, together with the satellite position and orientation at the time of recording. The surface slope relative to the position of the sensor and the source of illumination will influence the gray values. Varying terrain elevations will a lso cause geometrical displacement of features in both SPOT and L andsatTM images. The magnitude of the displacement is dependent on the position a nd orientation of the satellite, the terrain elevation and the distance from the satellite nadir track (Orun and Natarajan, 1994 ).
Calculation of cross-correlation of gray values in ixnage pairs
The discrete correlation Rofthe two function values a and b over an interval n is defin ed as (L emmens, 1988) :
In this case ai and b i wou ld be the gray values from 0 to 255 from the two images a and b, and n would be the number of samples along an image line in the chip. A correlation coeffi cient r can be calculated on a statistical basis by subtracting the mean value and normalizing by the standard deviation of the gray values in the chip:
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The correlation estimate is done on a pair of chips, which is a subsection of the image with typical size of 32 x 32 samples. By calculating r as the chip moves across the image, one can obtain sets of r which form a correlation surface for the images (Mather, 1987) . The position of a correlation peak, which represents the displacement between a detail in the two images, can be determined to a sub-pixel accuracy by means of interpolation on the correlation surface. Statistical correlation estimates were used in the previously mentioned projects on the Antarctic ice streams. In this project, feature tracking was carried out in the Fourier domain where the correlation estimate is done on a frequency basis. The phases and amplitudes of the spatial frequencies of th e gray values in the chips are calculated by the fast Fourier transform (FFT). T he FFTs of the two chips are denoted F(a) and F(b) and are represented as compl ex images. T he correlation theorem (Gonzalez and Wintz, 1987) states that the discrete correlation R between the chips can be estimated by a complex co njugate multiplication:
An inverse FFT is then performed on F(R) to obtain a cross-correlation image or correlation surface of this specific chip in the image domain (Fig. 3 ). The position of this peak represents the displacements between the two chips, and the determination of the position is similar to the statistical approach.
Th e origi nal images were high-pass filtered before the In both cases the correlation was estimated on two chipsJrom the same image, chosen with 15jJixels dis-pLacement in the sampLe direction. The Lift surface is estimatedfrom chips with high spatialfrequencies, and the peak is the white spot positioned 15 pixels righl qf the cent er. The right surface is based on both high and LowJrequencies. The jJeak is smeared out by the dominantlowJrequencies, and the displacement cannot be measured.
correlation estimate. This removes the spatial and time differences in surface refl ections and illumination on the glacier. The high-pass filtering provides an a lm ost unchanged mean value and standard deviation for various positions of the chip on a ll cr evassed parts of the glacier (Fig. 4 ). Sim il ar correlation surfaces are therefore obtained when estimating the correlation R in the Fourier domain compared with the statistical method, where r is calculated by normalizing with the mean value and standard deviation of the chip. A high er amplitude of the low frequencies can dominate the high frequencies in the correlation surfa ce by smoothing the surface (Fig. 3 ). The interpolation for subpi xel accuracy will b e more accurate from correlation peaks based on high frequencies, because the slope of the correlation peak will be steeper and the peak is clearly defined. The number of accepted peaks was limited by requiring that thi s slope be steep. By filtering away a ll frequencies with larger wavelength than the chip size, one also avoids some of the extra frequencies introduced as a res ult of the periodic assumption of the Fourier transform (Gonzalez and Wintz, 1987) when transforming the chip. , 1985) when delivered, which means that radiometric and geometric corrections based on knowledge of the system di stortion had b een applied. Each satellite image was co-registered to the coastline in a digital map, a nd a conform al (H elmert) transformation (Maling, 1993) between the image and the UTM system determin ed. The images were resampled using bilinear interpolation to 20 m pixels in the UTM projection, where a correction for the terrain displacement was also p erformed. The position of the satellite with resp ect to the scene was read from the image header fil e, and the off-nadir view ang le was corrected for Earth curvature. The change in sample position of th e nadir track for each scan line, caused by the Earth's rotation, was described by a linear equation. The SPOT image was orientated using ground-control points r ead from a paper copy map. The Landsat TM images were co-registered to th e coastli ne in a digital map. The rms errors of the H elmert transformation, shown in 'L1.ble I, are therefore better for theTM images.
In order to remove the remaining systematic errors, such as translation and different scale in the pair of orthocorrected images, the images were again warped based on a Helmert transformation and bilinea r resampling, with a rms error of 0.4 pixels. The im ages were co-registered with use of tie points located on th e mountains. Both L andsat TM images were warped to the SPOT im age.
Construction of a DEM from digital aerial photographs
To determine how the surface elevations changed during the surge, a new terrain model was constructed from 1990 aerial photographs. A digital photogram metric workstation (H elava DPW) was used for image ori entation and extraction of the DEM. With the use of cross-correlation, similar points in the two di gita l photos in a stereo model were identified a nd elevations calcul ated. Th e correl ati on process is conducted a utomatically, within user-sp ecifi ed a reas and to a specified grid resolution. The resulting elevation grid can Figure 6 .
be edited by inspection on the screen, providing a threedimensional im age of the stereo model and elevation contours.
RESULTS

Velocity
The cross-correlation estimates were carri ed out on three satellite images, which gave two sets of velocity vectors. Th e Landsat TM image from July 1987 was matched with the SPOT image fromJuly 1988, which in turn was matched with th e L a ndsat TM image from August 1988. Crevasses already formed in 1987 were deformed in 1988. Where there was varying deformation within the chip size, which was the case in the accumulation area, no success ful matching points were found . Near the terminus, the crevasses are cover ed by snow in the 1987 image. With a I year separation between the images, only the middle part of the glacier, a long the central 6 km long mountain ridge Goldschmidtfj ella (Fig. 5) , gave successfu l matching points.
InJuly and August 1988, matching could be done over almost the entire glacier surface (Fig. 5 ). There were some difli-258 culties near the terminus where high velocities a nd deformation of the crevasse pattern, together with melting of the surface, changed the pattern of the images significantly.
Typical movements during the period August 1987-July 1988 were more than 1 km, and for the 40 d period fromJul y to August 1988 about 100 m. Th e average velociti es are the same for both p eriods.
Terrain Inodels
A DEM was constructed from ten aerial infrared photographs acquired by Norsk Pola rinstitutt, O slo, in 1990 at a scale of I : 50 000. It was developed with 10 m g rid cells. T here were no problems with the correlation in th e surgea ffected a reas. The crevasses were well developed over the whole glacier in 1990, and give a good contrast in the images. Similar points are easily identified over the whole blue-ice area. In the accumulation area outside the surgea ffected zone, the white snow gives no contrast in the im ages, and therefore similar points cannot be identified . The surface elevation of O sborn ebreen constructed from the 1990 photographs has an error of about 10 m in elevation, the ground positioning about 5 m. The uncerta inty is m a inly a result of poor acc uracy of the ground-control points (Rolstad, 1995) . The method is suitable for determination of glacier surface elevations on surging glaciers, but only if accurate ground-control points are availabl e.
The DEM from 1990 was compared with a DEM from 1966, to determine how the surge affects the glacier volume. The glacier surface is changed from 1966 to 1990 in the same way as seen on several surging glaciers (Raymond, 1987) , with a reduction of the longitudinal slope. The glacier surface in the reservoir area is lowered by as much as 100 m, and the glacier front has advanced in total 2 km into the fjord, with a 100 m increase of the height at the position of the 1966 glacier front.
The terrain model constructed from the 1990 aeri al photographs was inspected by calculating the surface slope in th e longitudinal direction. A steep surface slope would indicate a surge front, but no such feature was detected.
DISCUSSION
A surge involves longitudinal compression and extension of the ice (M cMeeking and J ohnson, 1986). During the active phase, a compression front propagates as a result of disconti nuity of sliding conditions at the base of the glacier. Differences in velocity give rise to co mpressive regions adj acent to the slowly moving ice. Identification of the position of this discontinuity where the compression front/s urge front is initiated could reveal why sliding conditions vary and the surge starts. Based on the velocity field from 1988, the various glacier front positions, the crevasse pattern and the DEM, we discuss whether the surge front has traveled over the entire glacier or only over the lower part of it, and whether these limited data can trace a compression front at all.
Description of the velocity field
The velocity field from 1988 generally shows extending fl ow downstream over the entire glacier, with ice velocity increasing from stagnant to 6.0 m d-I at the glacier front (Fig. 5) . The velocity increases steadily in the accumulation area. Along the mountain ridge, Goldschmidtfj ella, the ice moves like a block with a velocity of 2.5 m d-I . This block movement is also visible in the velocity field from 1987 to 1988. Between points B and A, the velocity decreases from 3.0 to 2.0 m d-I on the western part of the glacier, and increasesfrom 3.0 to 4.0 m d Ion the eastern parl. Before enteri ng the glacier front area below point A, the velocity slows down from 3.5 to 3.0 m d-I , and then increases steadi ly to 6.0 m d I at the front. The vclocity pattern on Osbornebreen is simil ar to what is found for the frontal zone of the continuously fast-moving nearby ice stream, Kronebreen (Rolstad, 1995) . There is no distinct zone with compressive now on either of the two glaciers. We believe that the velocity field on Osbornebreen during the active surge phase is similar to the velocity fi eld of a tidewater glacier with continuously high ice nux.
Description of the crevasse pattern
Crevasses were present over the entire glacier in April 1987. Transverse crevasses can be seen in the satellite images from the upper area and down to point B (Fig. 5) . Some longitudinal crevasses are present on the western part of the glacier along Goldschmidtuella, possibly as a result of shear at the lateral margin. Between B and A, longitudinal crevasses are found (Fig. 6 ). Further downstream of point A, a zone without crevasses is found above the transverse crevassed front zone. When not covered by snow, a very similar crevasse pattern can be seen on all the available images from the period April 1987-August 1993.
Deformation of crevasses as a result of ice flow
The crevasses are formed and later deformed by the movement of the ice (Vornberger and Whillans, 1990 ). An extending velocity will open transverse crevasses and close the longitudina l ones. If a surge front traveled over the entire glacier at an early stage, leaving an indistinct crevasse pattern, it cou ld be further reduced by closing of the crevasses. The satellite images used in this project have a low spat ia l resolution, so narrow crevasses will not show. There is extending now in the upper acc umul ation area. Along Goldschmidtuella the ice moves like a block; the successful feature-matching over a whole year separation (August 1987 -July 1988 in this area gives evidence of very moderate ice and crevasse deformation. Some longitudina l crevasses can be seen on the east part, so there is reason to believe that the crevasse pattern is unchanged here since the initial phase of the surge. Between B and A the velocity contours are no longer transverse, they have an oval shape. This will introduce both compression and transverse strain. In thi area the longitudin al crevasses may be wider.
Interpretation of the crevasse pattern
Tectonic zones of crevasse patterns on various surging g laciers in Svalbard have been described and interpreted by Hodgkins a nd Dowdeswell (1994). Longitudinally extending tectonic regimes give ri se to transverse crevasses, a nd longitudina lly compressive regimes give longitudinal crevasses. T he propagati on of a su rge front leaves a chaotic crevasse patte rn in both the longitudinal a nd the tra nsversal di rection. Such a crevasse pattern is outlined between B a nd A in Fig ure 6 , which has been pointed out as the p ositi on of the surge fro nt in 1990 (H odgkins a nd D owdeswell, 1994) . The upper lim it of thi s a rea is near p oint B. As th e pat tern shows only transverse crevasses up-glacier from p ositi on B, there is no evident trace of a previo us compression fr ont, a nd point B co uld be the position where the surge sta rted. Thi s suggests that back-pressure was released below point B, a nd that the extending flo w spread up-glacier, forming t ransve rse crevasses in the whole accumulation area.
TerID.inus advance
An observation of l.4 km terminus advance in the period August 1986 -April 1987 (Dowdeswell and others, 1991 is also confirmed in the present stud y, which gives a velocity a t the front of at least 2100 m a-I in th e period Aug ust 1986-April 1987. T hi s is a rath er rapid adva nce shortly aft er the surge was initi ated. Th e g lacier terminus reached its m aximum extension of 2 km into the fj ord inJuly 1988, which is the same position as registered for 1990. In 1993 the front had retreated about I km. The crevasse pa ttern below B is simila r in 1988 and 1990. The velocity fi eld from 1988 shows a decrease in velocity on the eastern side from a m aximum 4.0 m d 1 down to 3.0 m d 1 before entering the glacier front zone of continuously increasing velocity up to 6.0 m d I. The longitudina l slope of the DEM from 1990 was inspected to find a steeper edge which would give topographic evidence of a surge front; but no such feature was found .
H odgkins a nd D owdeswell (1994) identifi ed two types of glacier terminus advance during surges of tidewater glaciers, depending on the position of the surge/compression front relati ve to a low effective-pressure zone a t th e glacier term inus. Steady terminus advance is when th e compression front has not ye t r eached the low efTective-press ure zone. R apid terminus advance is when th e compression front has reached the low effecti ve-pressure zone a nd been elimin ated because of reduced back-press ure. O sbornebreen was used as an exa mple of the form er category, desc ribed by a steady glacier front advance at an average speed of 450 m a I. Acco rding to the veloc ity field, th e model wh ere a surge fr ont reaches the low-press ure zone a nd di es out co uld suit th e situati on in 1988. The decelerating a rea would then be th e positi on of the compression front, now located close to the low-press ure zone. H owever, this decelerati on is furth er downstream than the longitudinal crevasse pattern o utlin ed as the surge front in th e 1990 aeri al photograph shown in Fi g ure 6.
Variation in crevasse pattern and velocity as a result of bedrock topography Bedrock topography influences the velocity a nd the crevasses. vVe in spec ted the a rea A-B on the aeri a l photographs from 1966 during the quiescent phase, shown in Fig ure 6 . Transverse crevasses are found near point B, a nd some longitudina l crevasses outline the a rea where the chaotic crevasse pattern is identified on the 1990 photog raphs. Above point B th e melt stream s are turning east. According to the 1966 m ap, the glacier surface has a n elevation difference of about 20 m in the transverse direction. Thi s surface slope and the crevasse patlern suggest a rise in bedrock topo-260 graphy in this a rea. T he 1988 velocity fi eld shows, as mentioned , a decrease in velocity in th e western pa rt of t he area A-B a nd a n increase on the east side (see Fig. 5 ). Wc believe the flow is ro tating slightly a nd is moving fas ter as a resul t of thicker ice on the deep bedrock on the east side. A long the mountain ridge, both velocity field s show that the ice fl ows like a block (see Fig. 5 ). Thi s indicates that the bed rock forms a smooth channel a long the mountain ridge. T he ice is not deformed as it fl ows along GoldschmidtG ell a. When it reaches point B a bump in bedrock can form new crevasses, and furth er down the widening of the glacier gives a velocity/strain field which could open these longitudinal crevasses.
CONCLUSIONS
Preprocessing by high-pass filtering of the images gives a n improvement in the e timate of the correlation R, because spatial a nd time va ri ations in th e surface reflection a nd illumination have bee n removed. It gives a more accura te determinati on of R wh en the aim is to recognize the highfr equency pattern of the crevasses. Filtering gives correlati on surfaces with steep, clearly defined peaks, and interpolating such surfaces gives improved sub-pixel accuracy. A velocity field could be determin ed with 1 month se pa ra tion of the im ages for the whole g lacier, but with I year sep a ration only for a restricted zone without deform a tion.
The use of digi ta l photogrammetry for extracti on of terrain m odels was ve ry useful on thi s surging glacier, as crevasses develop on th e whole glacier surface, creating a good radi ometric contras t for m atching of similar points in the stereo model. An acc urate net of geodetic g round-control points detectabl e in th e im ages creates the possibility of extracting valuable inform ati on from the glacier surface.
The glacier surface geometry has cha nged fro m 1966 to 1990 in the same way as seen on severa l surging glaciers, with a reduction of the longitudinal slope. The surface was lowe red up to 100 m in th e acc umulation a rea.
The velocity fi eld fr om 1988 is simil a r to that fo und for the continuously fas t-moving tidewater glacier Kronebree n. No di stinct zones of compressive flow seem to be present. Th e rapid terminus advance, th e velocity fi eld a nd the crevasse pattern do not fit the mod els for terminus ad vance o f surging glaciers described by H odgkins a nd D owdeswell (1994) . The 1990 DEM gives no evidence of a surge front, which co uld be seen as a topographic bump. The rapid advance of th e terminus, together with development of transve rse crevasses in the upper acc umul ati on a rea within a 6 month period, m ay indicate that the surge developed not as a compression zone traveling downstream , but as a zon e of extension starting near the terminus traveling quickl y upstream. Th e crevasse pattern in the images is interpreted as a res ult of the extension zone traveling upstream to th e upper acc umulation a rea, and as the whole glacier sta rts to slide, the crevasse p attern cha nges acco rding to the bedrock to pog raphy.
